Abstract-This letter proposes a new compact filtering building block. It consists of two via holes embedded into a substrate integrated waveguide (SIW) cavity connected to capacitive metal patches at the top layer. This topology provides two coaxial modes performing a doublet filtering configuration. The proposed dualmode SIW coaxial cavity is studied in detail and guidelines for the filter design are given. As will be shown, the proposed building block presents a high degree of design flexibility, which allows for the design of multiple kind of bandpass filter (BPF) responses, including both narrow-and wide-band BPFs along with transmission zero generation. As a verification, several filters are designed and implemented at 8 GHz.
I. INTRODUCTION
T HE hybrid technology substrate integrated waveguide (SIW) has demonstrated in the last years to be a very attractive solution for managing propagation, power division and/or filtering of signals in microwave/mm-wave systems. This is mainly due to its low cost, easy integration with classical planar technologies, such as microstrip or coplanar, and its relatively high Q-factor [1] . With respect to the filtering application, the emergent microwave applications demand advanced filtering responses with several transmission zeros (TZs) in their responses to avoid, for example, co-channel interferences, along with a very compact circuit size. SIW components, for not very high frequencies (i.e., lower than 10 GHz), usually present a big occupation area, mainly in comparison to their microstrip counterparts. In order to face this issue, several solutions/approaches have been proposed for SIW compactness, such as the folded SIW [2] , half-mode SIW [3] or more recently the coaxial combline SIW [4] , where a via hole is embedded into the center of the SIW cavity providing a TEM coaxial mode.
In this letter, a filtering building block consisting of a dualmode SIW coaxial cavity is proposed. Such a building block provides a high degree of miniaturization along with a high filter design flexibility. The proposed building block also generates a TZ, which can be placed either below or above the passband, as desired for the filter designer. Several bandpass filters (BPFs) presenting narrow-and wide-band responses, centered at 8 GHz and based on the proposed building block are designed and implemented, thus demonstrating the aforementioned advantageous features.
II. THEORETICAL ANALYSIS OF THE PROPOSED BUILDING BLOCK Fig. 1(a) shows the layout of the proposed dual-mode SIW coaxial cavity. It is formed by a SIW cavity where two via holes are symmetrically inserted with respect to the cavity center. Each via hole with diameter d is connected to the circuit ground at the bottom and to a capacitive patch at the top. This configuration can be modeled as two TEM-mode combline resonators of length h which are coupled to each other by means of a distributed coupling, which is defined mainly by the separation between via holes s, and by a lumped capacitance associated to the capacitive coupling between metallic patches C 2 . See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
value C 1 , whereas C 2 depends on the length l v and the inside gap g i . Their values can be computed by means of a quasistatic simulation or by using the approach of [5] . Note that the Cu base thickness t also plays an important role in both capacitance values. This equivalent circuit, due to its symmetry, can be analyzed by means of an even-odd mode analysis. The two transcendental equations which provide the two resonant frequencies of the proposed dual-mode cavity are found as
where ω e and ω o and, Y e and Y o are the angular resonant frequencies and characteristic admittances of the even and odd mode, respectively, and v is the propagation speed. Y e and Y o can be computed numerically by using static methods such as conformal transformation or Green's function [6] , [7] . Their values depend on the ratio d/W (where W is the cavity width), s and the substrate permittivity r . Obviously, as s increases, the ratio Y o /Y e approaches to 1 and no distributed coupling appears between lines. For small resonator electrical lengths, as usually happens in SIW combline resonators, one can find a closed expression for the ratio between the two resonant frequencies, which facilitates the filter design:
As deduced from (2), it is possible to synthesize the required f o /f e by controlling both the coupling between lines (Y o /Y e ) and C 1 and C 2 . The ratio f o /f e defines the passband bandwidth of the filter response, indeed, this topology allows us the design of both narrowband and wideband filters by just choosing properly f o /f e . Other characteristics such as the position of the generated TZ, can also be easily controlled with this topology as will be shown next. It should be noted that f o /f e can be set to a value higher or lower than 1, depending on the desired filter performance. Therefore, the proposed building block provides a high degree of flexibility. For the filter design purpose, the doublet filtering configuration shown in Fig. 1(c) perfectly models the proposed building block. This configuration provides two poles and one finite TZ [8] . The TZ is placed at the normalized frequency
where m ee and m oo are the normalized even and odd mode frequencies, and m se and m so are the normalized couplings between the input and the even-and odd-modes, respectively. Thus, by properly choosing the design parameters, the TZ can be placed at frequencies lower or higher than the filter passband, as required for the application. It should be noted that there is not coupling between modes in the proposed topology, independently of the value of coupling between lines. The parameters m se and m so are controlled by the penetration of the coplanar feeding line into the cavity through l ext and w ext . For the proposed filtering building block, m se > m so for any geometrical parameter, which means that the input (output) port is coupled more strongly to the even mode than to the odd mode. 
III. EXPERIMENTAL VALIDATION
In order to validate the proposed topology, several second order BPFs presenting narrow and wideband responses have been designed and fabricated by using a standard PCB prototyping process. The filters have been implemented on RO4003C Rogers substrate, whose characteristics are: r = 3.55, h = 1.52 mm, t = 17 μm, and loss tangent tan δ = 0.003. All filters have been designed at a center frequency f 0 = 8 GHz. For all designs d = 0.4 mm and W = 10.6 mm. Those values are chosen as a trade-off between Q-factor and compactness [4] . The unloaded Q-factor of the proposed dual-mode cavity is around 220, extracted from HFSS simulations.
A. Wideband BPF Examples
In this first example, a wideband BPF (named WB-I) with a fractional bandwidth BW 3 dB = 20% is designed and implemented. The TZ is designed to be above the passband. The filter design parameters and dimensions are given in Tables I and II , whereas the photographs of the implemented filters are shown in Fig. 2 . The filter presents a very compact size of 10.6 × 10.6 mm 2 (i.e., 0.42 × 0.42λ 2 g , where λ g is the guided wavelength of the CPW feeding line). A conventional 2nd order SIW filter based on rectangular cavities coupled by means of iris windows would occupy a size around 4 times bigger without presenting any TZ in the response. Fig. 3 plots the theoretical, simulated (by using HFSS) and measured responses, where a good agreement is observed among all of them. The in-band return and insertion losses are in all responses better than 15 dB and 0.7 dB, respectively. The filter presents a high selectivity in the higher band part due to the generated TZ. The achieved wide fractional bandwidth would be very difficult to be obtained by using conventional SIW filter configurations, or even with the recently proposed SIW coaxial filters [4] . Another wideband BPF (WB-II) with BW 3 dB = 14% is designed and implemented in order to demonstrate the high design flexibility of the proposed building block. In this case, the TZ is placed below the passband and the wideband response is obtained with a very low distributed coupling between lines, i.e., Y o /Y e ≈ 1, as Table I depicts. Fig. 4 shows the simulated and measured responses. Again, a good agreement between all responses is found, whereas the size remains the same. The stopband of the filter WB-I is spurious free up to 16 GHz, where the SIW cavity TE 101 mode is excited. In filter WB-II the first spurious band appears at a lower frequency (around 13 GHz), due to the excitation of the higher-order even mode of the proposed dual-mode cavity.
B. Narrowband BPF Example
In this last example, a narrowband filter, named NB, with BW 3 dB = 5% and with the TZ placed below the passband is implemented. Fig. 5 depicts the simulated and measured results. The measured insertion loss at f 0 is 1.7 dB, whereas the inband return loss is better than 11 dB. Again, the versatility of the proposed building block is fully demonstrated.
Finally, Table III provides a brief comparison of these prototypes with other compact SIW BPFs recently reported. The compact size and the TZ generation of the proposed topologies must be remarked. 
IV. CONCLUSION
In this letter, a dual-mode SIW coaxial cavity has been presented. The proposed dual-mode building block has been analyzed in detail, and a design strategy has been given for the filter design. Along with its very compact size, its high design flexibility should be highlighted, as it has been demonstrated with the design of both narrow and wide-band BPFs presenting TZs placed as required for the particular application. Several proofof-concept filters have been successfully constructed and tested based on the proposed filtering topology. As future work, the proposed building block may be used for the design of higherdegree filters or even for filter tunability/reconfigurability.
